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Abstract 


Nickel hydroxide and manganese dioxide are used in alkaline cells as positive electrode materials. Positive electrodes comprising a nickel 
oxyhydroxide/manganese dioxide composite, with modification by Bi,O3, deliver a combined reversible discharge capacity of 2.25e per metal 
atom (650 mAh g™! metal content), which is higher than that realized from electrodes of either component taken singly. The composite discharges 
with two potential plateaux, the first appearing at 325 mV corresponds to the discharge of the nickel component, whereas the second at —600 mV 
is due to the manganese component. Composites of NiO(OH)/MnO) can be used as a new electrode material with higher discharge capacity than 


conventional electrodes. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Divalent metal hydroxides and trivalent metal oxide- 
hydroxides crystallize in a structure related to that of the min- 
eral brucite, Mg(OH) [1]. Brucite is comprised of a hexagonal 
close packing of hydroxyl ions with alternative layers of octa- 
hedral sites occupied by divalent metal ions. This results in the 
stacking of charge-neutral layers of the composition [M(OH)2] 
(M = divalent metal), with an interlayer spacing of 4.6 A [2]. 

When the MIT is partially or completely oxidized to the 
3+ state, an equivalent number of protons are eliminated from 
M(OH)> to restore charge neutrality and results in a compo- 
sition MO(OH) [3]. On account of their facile and reversible 
proton intercalation, the hydroxides of NI" and Co? are good 
electrode materials for alkaline secondary cells [4]. 

Manganese dioxide is also used as an electrode material in 
alkaline batteries. Generally, \-manganese dioxide crystallizes 
with a three-dimensional rutile structure [5]. By contrast, anodic 
oxidation of Mn(CH3COO)2 or MnSQz, leads to the forma- 
tion of a manganese dioxide designated as electrolytic y-MnOz 
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(EMD). Also the products obtained by the oxidation of man- 
ganese(II) salts using hydrogen peroxide crystallize in a layered 
structure, whose mineral form is known as birnessite (6-MnO2) 
[6]. Given the close structural relationship between M(OH)2 
and birnessite-type MO, a common reaction scheme was pro- 
posed for the charge—discharge process of the oxide/hydroxide 
electrodes [7]: 


Mon), A HIMO, & MYO, 
divalent hydroxide d trivalent bronze © quadrivalent dioxide 
where M=Ni, Co and Mn. 

This scheme provides an opportunity to explore the possi- 
bility of a 2e exchange in an ideal electrode material. Earlier 
work has indeed demonstrated the exchange of nearly 1.7e in 
the nickel hydroxide electrode [8,9] and 2e exchange in MnO2 
[10]. Conventionally, the charge—discharge process of Ni(OH)2 
is represented by steps a/d. MnO) discharges reversibly by steps 
b/c if the discharge is limited to 0.3e in step (c) [11]. MnO(OH) 
is unstable as Mn** is a Jahn-Teller ion and therefore on deeper 
discharge the insulating Mn3Oy spinel phase is formed [12]: 


MnO, & MnO(OH) — Mn304 


Wroblowa and Gupta [13] blended a small amount of Bi203 
in manganese oxide during electrode fabrication to induce 
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reversibility up to deeper levels of discharge in manganese 
dioxide. 

Nickel hydroxide has limitations arising from the high rate of 
self-discharge and low volumetric energy density [14]. MnO2, 
on the other hand, has a negative charge discharge potential 
plateau. A combination of these two electrode materials would 
in principle lead to an electrode superior to those obtained from 
each separately. 

Mineral asbolane is an intergrowth of MnO2, Ni(OH)2 and 
CoO(OH)/Co(OH)3 [15]. Nickel hydroxide-—MnO, compounds 
with a mixed layered structure have been synthesized by insert- 
ing nickel hydroxide into layered MnOz under hydrothermal 
conditions [16]. 

Asbolane inspired us to explore the possible utilization of 
the combined electrochemical properties of Moi: and Ni(OH)2 
in a single electrode material. Nickel hydroxide has a positive 
discharge plateau in the potential range of 0.350-0.30 V with 
respect to Hg/HgO/OH™ [17]. MnOz electrodes exhibit two 
discharge plateaux at a negative potential of —0.2 to 0.3 V and 
around —0.6 to 0.8 V with respect to Hg/HgO/OH , respectively 
[18]. In the positive potential range up to 0 mV, nickel hydroxide 
works as an active material and once it is completely discharged 
MnO; starts to discharge. This paper reports the discharge capac- 
ity of NiO(OH)/MnO 2 composite electrodes. When Bi2O3 is 
incorporated as an additive in the composite during electrode 
fabrication, the discharge capacity increased from 187 mAh g7! 
to 980 mAh g7! of Mn in the MnO; region. 


2. Experimental 


Bpc-Nickel hydroxide was obtained as described elsewhere 
[17] by adding a nickel nitrate solution (1 M, 50 mL) to NaOH 
(2 M, 100 mL) at 80°C under constant stirring. The green slurry 
was aged in mother liquor for 18 h at 80°C. The precipitate was 
filtered, washed free of alkali, and dried at 65 °C. 

MnO, was obtained by the sol-gel method [19]. Nine grams 
of KMnO; and 15 g of glucose were dissolved in 75 mL of water 
separately. Both the solutions were mixed together and the mix- 
ture was stirred thoroughly for 10min. The reddish product 
obtained was allowed to settle. The supernatant was decanted 
and the semi-solid was calcined at 400°C for 2h. The pow- 
der was washed with water and dried at 100°C to constant 
weight. 

Bi2O3 was obtained from a commercial source (Loba 
Chemie, India) and used as such. The NiO(OH)/MnO, com- 
posite was prepared by adding a mixed metal (Ni2+ + Mn?*) 
nitrate solution to a solution containing three times excess of 
NaOH and five times excess of 20% (w/v) of H202 required for 
precipitation and oxidation, respectively. The dark brown prod- 
uct was aged in mother liquor for 24h prior to filtration. The 
product was washed free of alkali and dried at 80°C to constant 
weight. 

All samples were characterized by powder X-ray diffrac- 
tion (PXRD) (Philips X’ Pert Pro diffractometer, Cu Ka source, 
24 =1.5418A, graphite secondary monochromator) and infrared 
spectroscopy (Nicolet Impact 400D FTIR spectrometer, KBr 
pellets, 4cm7! resolution). 


2.1. Charge-discharge studies 


Galvanostatic charge—discharge studies were carried out 
using an EG&G Versastat model UA scanning potentio- 
stat. Electrodes were prepared by mixing the active material 
with graphite powder and an aqueous suspension of poly- 
tetrafluoroethylene in the ratio 0.6:0.3:0.1. The mixtures were 
ground thoroughly to obtain a paste-like consistency. This 
paste was pressed at 75-120 kg cm7? on both sides of a nickel 
foam (2.9 cm x 2.3 cm) support at the ambient temperature of 
25-30°C. 

In case of physically modified electrodes, different propor- 
tions (5, 10 and 24.8 wt.%) of Bi2O3 were added to the active 
material. An electrode comprising Bi203 in place of the active 
material was also cycled to investigate its contribution, if any, 
to the charge-storage capacity. All the electrodes were dried 
at 65°C and soaked in 6M KOH for 24h before being gal- 
vanostatically charged at ~5.5mA to 120% of the theoretical 
capacity computed for a le exchange in case of nickel hydrox- 
ide and 150% of the theoretical capacity computed for a 3e 
exchange in case of nickel hydroxide—manganese dioxide com- 
posites. Nickel plates were used as counter electrodes, and all 
potentials were measured against a Hg/HgO/OH™ (6M KOH) 
reference electrode. 

For Bpe-nickel hydroxide the cut-off voltage is OmV, 
whereas for other electrodes such as manganese dioxide, Bi203 
doped manganese dioxide, NiO(OH)/MnO2 composite and 
Bi203 doped NiO(OH)/MnO>; electrodes, the cut-off voltage is 
—800 mV. These electrodes were then discharged at a current of 
20 mA to their respective discharge potentials mentioned above 
at the ambient temperature (25-28 °C). The observed capacities 
were normalized to the metal content. 


3. Results and discussion 


As-prepared nickel hydroxide is in its discharged state, 
whereas the as-prepared MnO; is in its charged state. A phys- 
ical mixture of these two materials is not ready for use in 
charge-storage applications. We therefore coprecipitated both 
Ni*+ and Mn?* under oxidizing conditions at high pH to obtain 
a composite of NiO(OH) and MnO». The PXRD patterns of 
Ni(OH)2, MnO, and NiO(OH)/MnO> composite are compared 
in Fig. 1. The reflections in the PXRD pattern of nickel hydrox- 
ide can be indexed to that of B-Ni(OH)2 (PDF: 14-117; P3m1; 
a=3.01 A; c=4.67 A), whereas the reflections of manganese 
dioxide exhibit two successive basal reflections at 7.06 and 
3.52 A, which are characteristic of a layered structure. All the 
reflections of Ni(OH)2, as well as of MnOz, are considerably 
broadened due to structural disorder and such disorder facilitates 
superior charge-storage capacity [20,21]. The basal spacing of 
the MnO? phase (7.06 A) is much larger than that in Ni(OH)2 
(4.6 A), which indicates the presence of intercalated water in the 
former. The reflections in the PXRD pattern of composite mate- 
rial do not match with those of either constituent (see Fig. 1). The 
first reflection appearing at 7.7 Ais higher than the basal spacing 
of MnO; (see Fig. 1). The second reflection, which appears at 
4.68 A close to the (00 1) reflection of Ni(OH)y, is actually due 
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NiOOH-MnO, composite 


Intensity (arb. units) 


10 20 30 40 50 60 
20 (degrees) 


Fig. 1. PXRD patterns of Bye nickel hydroxide, 5-manganese dioxide, nickel 
oxyhydroxide/manganese dioxide composite, commercial 5-Bi203, respec- 
tively. 


to the NiO(OH) phase. The other reflections of NiO(OH) are 
extinguished. These observations suggest that there is an inti- 
mate interaction between the two materials and the composite 
is not merely a physical mixture of the two phases. 

The discharge curve of a nickel hydroxide electrode is pre- 
sented in Fig. 2(a). The electrode exhibits a single discharge 
plateau at 325-350 mV. The reversible discharge capacity cor- 
responds to an exchange of 0.8e per Ni atom (350 mAh g7! 
Ni). This is in keeping with earlier literature data [22]. By con- 
trast, the MnO electrode discharges rapidly with a negligible 
discharge capacity of <0.le per Mn atom (40 mAh g™! of Mn) 
(see Fig. 3(a)). The discharge capacity remains low on cycling, 
which shows that the MnO? electrode has poor reversibility (see 
Fig. 4(a)). 

Lavelaet al. [23] have reported the electrochemical behaviour 
of LiMn20; in lithium batteries. Substitution of Ni?* ion for Lit 
ion in LiMn2Oq, generates a NiyMnyO; composite. This com- 
posite has better structural stability, electrochemical activity, Lit 
ion diffusion coefficient and capacity retention compared with 
LiMn 20,4. The NiOOH/MnO> composite material prepared here 


| \ 
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Fig. 2. Discharge curves of (a) nickel hydroxide and (b) nickel hydroxide with 
24.8 wt.% Bi2O3. 
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Fig. 3. Discharge curves of (a) ò-manganese dioxide and (b) first discharge curve 
of 6-manganese dioxide with 24.8 wt.% Bi203. 


should display two distinct plateaux in its discharge curve. The 
observed discharge curve exhibits the first plateau at 300 mV 
due to the nickel component. The second plateau appearing at 
a negative potential of —600 mV due to the Mn component is, 
however, a very brief characteristic of the poor charge-storage 
capacity of MnO; (see Fig. 5(a)). The capacity of the Ni compo- 
nent at 0.8e per Ni is unaffected. These observations show that 
although the two materials in the composite interact very inti- 
mately, and thereby affect the structure, their electrochemical 
properties are not altered. This indicates that the redox proper- 
ties of the cations are determined more by local bonding, such 
as that within the first coordination sphere, than by the overall 
long-range structure. The total capacity is 0.95e per Ni+0.2e 
per Mn (215mAh g7! of total metal content) (see Fig. 6(a)). 
This result is in contrast to the electrochemical behaviour of the 
Ni,Mn,yO, composite in lithium batteries [23]. 


400 


200 


Specific capacity (mAh g^) 


cycle number 


Fig. 4. Cycle-life data of (a) ò-manganese dioxide and (b) 8-manganese dioxide 
with 24.8 wt.% Bi2O3. 
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Fig. 5. Discharge curves of (a) nickel oxyhydroxide—manganese dioxide elec- 
trode and (b) (a) with 24.8 wt.% Bi2O3. 


To improve the capacity of the Mn component, Bi203 was 
added during electrode fabrication. The PXRD pattern of the 
Bi203 sourced commercially is shown in Fig. 1; it corresponds 
to the a-modification. The beneficial effect of BizO3 on the 
MnO, component has been well documented in the literature 
[24-26]. The effect of Bi2O3 on the performance of the nickel 
hydroxide electrode has not, however, been investigated. The 
effect of mixing different proportions of Bi203 on the nickel 
hydroxide electrode is presented in Fig. 7. The cycle-life data of 
pure Bi203 exhibits negligible capacity (<40 mAh g7!; <0.05e 
per Bi2O3), see Fig. 7(a). On blending with nickel hydroxide 
at 5-10 wt.%, the capacity of the nickel hydroxide electrode is 
adversely affected and comes down to 0.6e per Ni (300 mAh g7! 
of Ni). At 24.8 wt.% Bi203, the reversible discharge capacity 
is restored to that of the pristine electrode. The corresponding 
cycle-life data are shown in Fig. 7(b-d). 

24.8 wt.% Bi2O3 added to the pure MnOz electrode has a 
dramatic effect (see Fig. 3(b)). Not only is the discharge plateau 
in the potential range —300 to —600mV extended but also 
the reversibility as shown by the cycle-life data improves and 
significant capacity (>500 mAh g7! of Mn) is observed up to 


Specific capacity (mAh g*t) 
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Fig. 6. Cycle-life data of (a) nickel oxyhydroxide—manganese dioxide electrode 
and (b) (a) with 24.8 wt.% Bi203. 
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Fig. 7. Cycle-life data of (a) plain BizO3 electrode and nickel hydroxide elec- 
trodes modified with (b) 5 wt.%, (c) 10 wt.% and (d) 24.8 wt.% of Bi2O3. 


the 7th cycle (see Fig. 4(b)). When Bi20O3 is added to the 
NiO(OH)/MnOz composite, the best combined activity of the 
Ni and Mn components is realized with a combined capacity 
of 0.95e per Ni + 1.4e per Mn (©650 mAh el of metal) [27]. 
This value is higher than that obtained from either material taken 
singly. The cycle-life data are displayed in Fig. 6(b). Two distinct 
discharge plateaux are observed (see Fig. 5(b)). 


4. Conclusion 


When compared with nickel hydroxide and manganese diox- 
ide taken singly, the nickel oxyhydroxide/manganese dioxide 
composite promises to be a new candidate electrode material 
for alkaline secondary cells. 
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